In the early 1970s, physicians were finally forced to abandon their belief that, given the vast array of effective antimicrobial agents, virtually all bacterial infections were treatable. Their optimism was shaken by the emergence of resistance to multiple antibiotics among such pathogens as Staphylococcus aureus, Streptococcus pneumoniae, Pseudomonas aeruginosa, and Mycobacterium tuberculosis. The evolution of increasingly antimicrobialresistant bacterial species stems from a multitude of factors that includes the widespread and sometimes inappropriate use of antimicrobials, the extensive use of these agents as growth enhancers in animal feed, and, with the increase in regional and international travel, the relative ease with which antimicrobial-resistant bacteria cross geographic barriers (1) (2) (3) .
The irony of this trend toward progressively more resistant bacteria is that it coincides with a period of dramatically increased understanding of the molecular mechanisms of antimicrobial resistance. Unfortunately, while this insight has resulted in the identification of novel drug targets, it has not yet resulted in effective new chemotherapeutic agents. This paradox stands in sharp contrast to the dramatic progress made in antiviral (notably antiretroviral) therapy in the past ten years, where a number of newly discovered molecular targets have resulted in clinically effective therapeutic agents.
Nowhere has this issue been of greater concern than with the Gram-positive bacteria pneumococci, enterococci, and staphylococci. Multidrug resistance is now the norm among these pathogens. S. aureus is perhaps the pathogen of greatest concern because of its intrinsic virulence, its ability to cause a diverse array of lifethreatening infections, and its capacity to adapt to different environmental conditions (4, 5) . The mortality of S. aureus bacteremia remains approximately 20-40% despite the availability of effective antimicrobials (6) . S. aureus is now the leading overall cause of nosocomial infections and, as more patients are treated outside the hospital setting, is an increasing concern in the community (7, 8) .
S. aureus isolates from intensive care units across the country and from blood culture isolates worldwide are increasingly resistant to a greater number of antimicrobial agents (4, 8) . Inevitably this has left fewer effective bactericidal antibiotics to treat these often lifethreatening infections ( Figure 1 ). As rapidly as new antibiotics are introduced, staphylococci have developed efficient mechanisms to neutralize them (Table 1) .
Recent reports of S. aureus isolates with intermediate or complete resistance to vancomycin portend a chemotherapeutic era in which effective bactericidal antibiotics against this organism may no longer be readily available (9, 10) . This review will focus on the emergence of antimicrobial resistance in S. aureus. It will review the historical evolution of resistant strains, their spread, the molecular mechanisms of resistance for selected antibiotics, and progress toward the development of alternative drug targets or novel approaches for therapeutic or prophylactic intervention.
Penicillin resistance
History and epidemiology. The mortality of patients with S. aureus bacteremia in the pre-antibiotic era exceeded 80%, and over 70% developed metastatic infections (11) . The introduction of penicillin in the early 1940s dramatically improved the prognosis of patients with staphylococcal infection. However, as early as 1942, penicillin-resistant staphylococci were recognized, first in hospitals and subsequently in the community (12) . By the late 1960s, more than 80% of both communityand hospital-acquired staphylococcal isolates were resistant to penicillin. This pattern of resistance, first emerging in hospitals and then spreading to the community, is now a well-established pattern that recurs with each new wave of antimicrobial resistance (13) .
Kirby first demonstrated that penicillin was inactivated by penicillin-resistant strains of S. aureus (14) . Bondi and Dietz (15) subsequently identified the specific role of penicillinase. More than 90% of staphylococcal isolates now produce penicillinase, regardless of the clinical setting. The gene for β-lactamase is part of a transposable element located on a large plasmid, often with additional antimicrobial resistance genes (e.g., gentamicin and erythromycin). Spread of penicillin resistance primarily occurs by spread of resistant strains.
Mechanisms of resistance. Staphylococcal resistance to penicillin is mediated by blaZ, the gene that encodes β-lactamase (Figure 2a ). This predominantly extracellular enzyme, synthesized when staphylococci are exposed to β-lactam antibiotics, hydrolyzes the β-lactam ring, rendering the β-lactam inactive. blaZ is under the control of two adjacent regulatory genes, the antirepressor blaR1 and the repressor blaI (16) . Recent studies have demonstrated that the signaling pathway responsible for β-lactamase synthesis requires sequential cleavage of the regulatory proteins BlaR1 and BlaI. Following exposure to β-lactams, BlaR1, a transmembrane sensor-transducer, cleaves itself (17, 18) . Zhang et al. (18) hypothesize that the cleaved protein functions as a protease that cleaves the repressor BlaI, directly or indirectly (an additional protein, BlaR2, may be involved in this pathway) and allows blaZ to synthesize enzyme.
Methicillin resistance
History and epidemiology. Methicillin, introduced in 1961, was the first of the semisynthetic penicillinaseresistant penicillins. Its introduction was rapidly followed by reports of methicillin-resistant isolates (19) . For clinicians, the spread of these methicillin-resistant strains has been a critical one. The therapeutic outcome of infections that result from methicillin-resistant S. aureus (MRSA) is worse than the outcome of those that result from methicillin-sensitive strains (20) . The difference has been ascribed to the underlying medical problems of the often sicker and older MRSAinfected patients as well as the less effective bactericidal drugs available to treat these infections, rather than to enhanced virulence of the MRSA strains. First reported in a British hospital, MRSA clones rapidly spread across international borders. Waves of clonal dissemination with different dominant phage types (e.g., 83 complex) were reported in the 1960s and were responsible for a large proportion of cases (21, 22) . Once identified in a new setting, these unique MRSA clones rapidly spread, often becoming the resident clones and accounting for an increasing percentage of nosocomial infections (23, 24) . Like the penicillinresistant strains, the MRSA isolates also frequently carried resistance genes to other antimicrobial agents (25) .
The spread of methicillin-resistant clones is reminiscent of the emergence of penicillin resistance in the 1940s. First detected in hospitals in the 1960s, methicillin resistance is now increasingly recognized in the community (13) . While many of these infections occurred in patients with some antecedent hospital experience, recently there has been an increasing number of subjects with no prior hospital exposure. These community-based infections have been reported in patients from both rural and urban settings (26) (27) (28) (29) . Of concern is the high mortality associated with some of these community-acquired MRSA infections. In one instance, clonally related MRSA strains caused the deaths of four otherwise healthy children (28). The empiric selection of β-lactams as initial therapy may have contributed to the increased morbidity in these infections. In addition, the presence of virulence genes such as the enterotoxins or the Panton-Valentine leukocidin may also have contributed to patient morbidity in some of the community-acquired infections (30, 31) .
The mecA gene (the gene responsible for methicillin resistance) is part of a mobile genetic element found in all MRSA strains. Katayama et al. (32) demonstrated that mecA is part of a genomic island designated staphylococcal cassette chromosome mec (SCCmec). To date, four different SCCmec elements varying in size from 21 to 67 kb have been characterized (33) . In contrast to the numerous different strains of methicillin-susceptible S. aureus (MSSA) that cause infections, only a limited number of clones are responsible for the epidemic spread of MRSA. This distinction reflects the genetic constraints of horizontal transfer of the mec element from related staphylococcal species into S. aureus. The frequency of this transfer event is subject to some debate, but it is clearly uncommon (34-37). The mec element SCCmec has been identified in several different MSSA genetic backgrounds. Using the DNA fingerprint of the recipient MSSA in combination with the genetic organization of the particular SCCmec, an MRSA bio- DNA-binding protein BlaI binds to the operator region, thus repressing RNA transcription from both blaZ and blaR1-blaI. In the absence of penicillin, β-lactamase is expressed at low levels. II. Binding of penicillin to the transmembrane sensor-transducer BlaR1 stimulates BlaR1 autocatalytic activation. III-IV. Active BlaR1 either directly or indirectly (via a second protein, BlaR2) cleaves BlaI into inactive fragments, allowing transcription of both blaZ and blaR1-blaI to commence. V-VII. β-Lactamase, the extracellular enzyme encoded by blaZ (V), hydrolyzes the β-lactam ring of penicillin (VI), thereby rendering it inactive (VII). (b) Mechanism of S. aureus resistance to methicillin. Synthesis of PBP2a proceeds in a fashion similar to that described for β-lactamase. Exposure of MecR1 to a β-lactam antibiotic induces MecR1 synthesis. MecR1 inactivates MecI, allowing synthesis of PBP2a. MecI and BlaI have coregulatory effects on the expression of PBP2a and β-lactamase.
type as well as an evolutionary profile of a particular clone can be established (33, (35) (36) (37) (38) . Oliveira et al. identified a putative pathway for the evolution of several pandemic clones in Europe (38) . By comparing the genetic backgrounds of epidemic MSSA clones, these investigators also identified the likely ancestral MSSA recipients of the mec element. These studies suggest that the emergence of "epidemic" MRSA clones was in part the result of the successful horizontal transfer of the mec gene into an ecologically fit and transmission-efficient MSSA clone (37, 39) .
The recent upsurge of community-acquired MRSA infections reported in patients from different countries was associated with the detection of a unique SCCmec, type IV (40) . This element, smaller than the other elements, appears more genetically mobile and does not, at present, carry additional antimicrobial resistance genes. It also appears to occur in a more diverse range of MSSA genetic backgrounds, suggesting that it has been heterologously transferred more readily from other staphylococcal species (41) .
Mechanisms of resistance. Methicillin resistance requires the presence of the chromosomally localized mecA gene (16, 42) (Figure 2b) . mecA is responsible for synthesis of penicillin-binding protein 2a (PBP2a; also called PBP2′) a 78-kDa protein (43) (44) (45) . PBPs are membrane-bound enzymes that catalyze the transpeptidation reaction that is necessary for cross-linkage of peptidoglycan chains (46) . Their activity is similar to that of serine proteases, from which they appear to have evolved. PBP2a substitutes for the other PBPs and, because of its low affinity for all β-lactam antibiotics, enables staphylococci to survive exposure to high concentrations of these agents. Thus, resistance to methicillin confers resistance to all β-lactam agents, including cephalosporins. Recent studies determined the crystal structure of a soluble derivative of PBP2a. PBP2a differs from other PBPs in that its active site blocks binding of all β-lactams but allows the transpeptidation reaction to proceed (47) .
Phenotypic expression of methicillin resistance is variable, and each MRSA strain has a characteristic profile of the proportion of bacterial cells that grow at specific concentrations of methicillin (48) . Expression of resistance in some MRSA strains is regulated by homologues of the regulatory genes for blaZ. These genes, mecI and mecR1, regulate the mecA response to β-lactam antibiotics in a fashion similar to that of the regulation of blaZ by the genes blaR1 and blaI upon exposure to penicillin (Figure 2 ). In fact, the DNA sequences bound by the repressor genes to achieve inhibition of gene activation are identical (49) . The sequence homology of mecImecR1 with the blaR1-blaI regulatory genes results in the induction of mecA expression from this leaky alternative system. Deletions or mutations in mecI or the promoter region of mecA result in constitutive expression rather than variable expression of mec (50). Rosato et al. (51) have recently found that either mecI or blaI must be functional in all MRSA, and they suggest that this may be a protective mechanism preventing overproduction of a toxic protein. An additional series of genes, the fem genes (factor essential for resistance to methicillin resistance, play a role in cross-linking peptidoglycan strands and also contribute to the heterogeneity of expression of methicillin resistance (52) .
As noted earlier, the mecA gene is invariably part of a larger unique, mobile genetic element, SCCmec. These islands may also contain additional genes for antimicrobial resistance and insertion sequences, as well as genes of uncertain function. The four SCCmec's contain two recombinases, ccrA and ccrB from the invertase/resolvase family, that are responsible for site-specific integration and excision from the chromosome at attBscc, a part of an open reading frame of unknown function near the origin of replication (32, 53) . The genetic mechanisms responsible for the transfer of these large mobile elements are uncertain.
Since no homologue of mecA exists in methicillin-susceptible staphylococci, it has been assumed that mecA was acquired from one of several coagulase-negative staphylococcal species (54). Couto et al. (55) identified a mecA gene in a methicillin-sensitive Staphylococcus sciuri with 88% homology on the amino acid level to MRSA. Transduction of the S. sciuri mecA into an MSSA resulted in increased resistance to methicillin coupled with the detection of PBP2a (56) . These studies therefore suggest one possible source of the mecA element in S. aureus. Hiramatsu and associates (41, 57) have speculated that the simultaneous detection of the new type IV SCCmec in different geographic regions of the world potentially reflects its enhanced mobility and multiple simultaneous transmissions from another coagulasenegative staphylococcus.
Quinolone resistance
History and epidemiology. Fluoroquinolones were initially introduced for the treatment of Gram-negative bacterial infections in the 1980s. However, because of their Gram-positive bacterial spectrum, they have also been used to treat bacterial infections caused by pneumococci and staphylococci. Quinolone resistance among S. aureus emerged quickly, more prominently among the methicillin-resistant strains. As a result, the ability to use fluoroquinolones as antistaphylococcal agents was dramatically reduced. The reasons for the disparity in rates of quinolone resistance between MSSA and MRSA strains are uncertain. One contributing factor is likely antibiotic selective pressure, especially in the hospital setting, resulting in the selection and spread of the more antibiotic-resistant MRSA strains.
Fluoroquinolone resistance develops as a result of spontaneous chromosomal mutations in the target of the antibiotic, topoisomerase IV or DNA gyrase, or by the induction of a multidrug efflux pump. When quinolones are used to treat infections caused by other bacterial pathogens, subjects colonized with S. aureus (e.g., on their skin or mucosal surfaces) are likely exposed to subtherapeutic antibiotic concentrations and are therefore at risk of becoming colonized with resistant mutants (58) . These resident, resistant strains then become the reservoir for future infections. Høiby et al. (59) demonstrated that ciprofloxacin therapy rapidly increased the proportion of coagulase-negative staphylococcal strains colonizing the nares and skin that were resistant to both ciprofloxacin and methicillin. Since S. aureus is also a part of our commensal flora, a similar selection process is likely to occur.
Mechanisms of resistance. Resistance to quinolones results from the stepwise acquisition of chromosomal mutations. The confluence of high bacterial density, the likely preexistence of resistant subpopulations, and the sometimes limited quinolone concentrations achieved at sites of staphylococcal infections creates an environment that fosters selection of resistant mutants (58) . The quinolones act on DNA gyrase, which relieves DNA supercoiling, and topoisomerase IV, which separates concatenated DNA strands. Amino acid changes in critical regions of the enzyme-DNA complex (quinolone resistance-determining region [QRDR]) reduce quinolone affinity for both of its targets. The ParC subunit (GrlA in S. aureus) of topoisomerase IV and the GyrA subunit in gyrase are the most common sites of resistance mutations; topoisomerase IV mutations are the most critical, since they are the primary drug targets in staphylococci (58, 60) . Single amino acid mutations are sometimes sufficient to confer clinical resistance, but for the more active fluoroquinolones additional mutations appear necessary. Resistance mutations can accumulate in the QRDR sites, increasing the levels of resistance. It is fairly common for both targets to have resistance mutations. An additional mechanism of resistance in S. aureus is induction of the NorA multidrug resistance efflux pump. Increased expression of this pump in S. aureus can result in low-level quinolone resistance (61) . In an interesting linkage of virulence to antimicrobial resistance, a recent study showed that exposure of a quinolone-resistant isolate to a quinolone increased the organism's expression of fibronectin-binding protein, a surface protein that mediates adherence to tissue surfaces (62) .
While newer fluoroquinolones (8-methoxyquinolones such as moxifloxacin) retain in vitro activity against ciprofloxacin-resistant staphylococci and appear less likely to select for resistant mutants (63), it is not clear that this translates into therapeutic efficacy. Entenza et al. (64) reported that while moxifloxacin retained a low minimal inhibitory concentration (MIC) against ciprofloxacinresistant strains of S. aureus, treatment with this newer quinolone failed in an experimental model of endocarditis. This suggests a potential disparity between in vitro susceptibility testing and in vivo therapeutic efficacy.
Vancomycin resistance
History and epidemiology. The dramatic increase in use of vancomycin to treat infections caused by methicillinresistant staphylococci (both coagulase-positive and -negative), Clostridium difficile, and enterococcal infec- tions preceded the emergence of vancomycin-resistant staphylococci (65) . Staphylococcal resistance to vancomycin in a clinical isolate was first reported in a strain of Staphylococcus haemolyticus (66) . In 1997, the first report of vancomycin intermediate-resistant S. aureus (VISA) came from Japan, and additional cases were subsequently reported from other countries (9, 67) . The VISA isolates were all MRSA and were not clonal. Many of the patients had received vancomycin therapy and had MRSA infections (68) .
Two recent reports of infections caused by vancomycin-resistant S. aureus (VRSA) are of great concern because they reflect both complete resistance and a different mechanism for dissemination. In contrast to the chromosomally mediated resistance for VISA strains, the VRSA strains acquire resistance by conjugal transfer of the vanA operon from an Enterococcus faecalis, raising the specter of a far more efficient means for dissemination of the resistance gene among strains of staphylococci (10, 69) .
Mechanisms of resistance. Two forms of S. aureus resistance to vancomycin have now been identified (70) . One form has been identified in the VISA strains, which have MICs to vancomycin of 8-16 µg/ml (9). A pre-VISA stage of resistance, heterogeneously resistant, has also been identified. The heteroresistant strains remain susceptible to vancomycin but contain resistant subpopulations. It is hypothesized that, on exposure to vancomycin, the VISA isolates are selected from the vancomycin-resistant subpopulations (71) . The reduced susceptibility to vancomycin appears to result from changes in peptidoglycan biosynthesis (Figure 3) . The VISA strains are notable for the additional quantities of synthesized peptidoglycan that result in irregularly shaped, thickened cell walls. There is also decreased cross-linking of peptidoglycan strands, which leads to the exposure of more D-Ala-D-Ala residues (72, 73) . The altered cross-linking results from reduced amounts of L-glutamine that are available for amidation of D-glutamate in the pentapeptide bridge (70) . As a result there are more D-Ala-D-Ala residues available to bind and trap vancomycin (Figure 3) . The bound vancomycin then acts as a further impediment to drug molecules reaching their target on the cytoplasmic membrane. HPLC provided further proof of this novel resistance mechanism by showing that large quantities of vancomycin become trapped in the abnormal peptidoglycan (74) . The molecular mechanisms for these alterations in peptidoglycan biosynthesis are unexplained.
The second form of vancomycin resistance has resulted from the probable conjugal transfer of the vanA operon from a vancomycin-resistant E. faecalis. Showsh et al. (75) reported that the enterococcal plasmid containing vanA also encodes a sex pheromone that is synthesized by S. aureus, suggesting a potential facilitator of conjugal transfer. These VRSA isolates demonstrate complete vancomycin resistance, with MICs of ≥128 µg/ml. Resistance in these isolates is caused by alteration of the terminal peptide to D-Ala-D-Lac instead of D-Ala-D-Ala (Figure 4) . Synthesis of D-Ala-D-Lac occurs only with exposure to low concentrations of vancomycin. As a result, the additional biosynthetic demands are limited and the VRSA strain is ecologically fit (76) . This ecological fitness, the possibility that this plasmid exchange will occur more frequently (due to the ever increasing likelihood of patients being colonized with both MRSA and vancomycin-resistant enterococci), and the resistance of these strains to both β-lactams and glycopeptides all increase the likelihood that VRSA strains will rapidly become more prevalent.
Prospects for the future: new antimicrobials, new approaches
Currently available agents. Quinupristin-dalfopristin and linezolid are two of the newer antimicrobial agents currently available with activity against drug-resistant staphylococci (including most VISA and VRSA strains in vitro). Both agents are protein synthesis inhibitors with a Gram-positive spectrum. Quinupristin-dalfopristin retains bactericidal antistaphylococcal activity if the strain is susceptible to erythromycin and lincosamide. Linezolid is bacteriostatic. Cross-resistance has not been noted for linezolid, but at least one clinical isolate has developed resistance during therapy (77) . Daptomycin, a novel bactericidal agent that damages the cytoplasmic membrane, is currently undergoing clinical trials (78) . Other agents with antistaphylococcal activity in varying stages of development include modified glycopeptides, carbapenems, oxazolidinones, quinolones, and tetracyclines.
Novel approaches and targets. The supply of new agents with novel mechanisms of action is limited, however, and emphasizes the need for the development of new drug targets (79, 80) . Unfortunately, an increasing number of pharmaceutical companies have either eliminated or dramatically reduced their anti-infectives units. This results partly from financial considerations but also from frustration that target-based biochemical screening has failed to develop any clinically useful products. The failure has been attributed, in part, to the realization that target-based strategies do not take into account the "intrinsic" mechanisms of bacterial resistance (e.g., biofilms, multidrug efflux pumps) that contribute to in vivo bacterial resistance (79) .
Despite these developments, a number of interesting models for identification of new drug targets have emerged. One approach has been to integrate genomic information on potential drug targets with highthroughput screening followed by chemical modification and efficacy animal testing. There has been a renewed interest in characterization of essential components of critical biosynthetic pathways (e.g., peptidoglycan assembly or fatty acid biosynthesis) as potential targets. Several different techniques, including in vivo expression technology, signature-tagged mutagenesis, and recognition of expressed S. aureus antigens, have been used to identify potential targets that are expressed during infection (80) (81) (82) . Analysis of the crystal structure of drug targets (e.g., modifications of β-lactams that attack the active site of PBP2a) and synthesis of carbohydrate-modified compounds (glycopeptide analogues with altered carbohydrates) are increasingly being used to develop alternative agents (47, 83) . Modification of S. aureus genes associated with virulence reduces infectivity (84, 85) . Whether these genes can be successfully used as potential targets is uncertain.
Possible preventive measures. Prevention of S. aureus infections has to date been limited to the application of infection control measures. In some countries, such as The Netherlands and Denmark, where strict isolation policies have prevailed, these precautions have been effective in preventing dissemination of MRSA, while in the USA and England, the success of infection control procedures has been limited. The potential of strict infection control programs to curb MRSA transmission suggests that, given recent trends, stricter infection control guidelines are warranted (86) . Newer, more rapid diagnostic methods that can detect the presence of S. aureus or other pathogens and allow for rapid identification and isolation of colonized patients should enhance the efficacy of these programs.
Because nasal carriage of S. aureus raises the risk of subsequent infection, efforts have been directed to the elimination of carriage using topical antimicrobials (87) (88) (89) . These approaches have been variably successful. More recently, the potential use of novel agents for this purpose, such as endopeptidase, lysostaphin, or phage lytic enzymes has also been considered (90) (91) (92) .
Finally, several S. aureus vaccine candidates are under investigation. A capsular polysaccharide protein conjugate vaccine underwent a clinical trial with hemodialysis patients, with encouraging but inconclusive results (93) . Other candidate vaccines directed at S. aureus virulence determinants such as the surface adhesins or enterotoxins are in varying stages of development (94) .
The difficult therapeutic problem of multidrugresistant S. aureus is just one example of the diminishing efficacy of antimicrobial agents for the treatment of bacterial infections. This trend is particularly alarming for S. aureus because of the severity and diversity of disease caused by this uniquely versatile pathogen. While effective antistaphylococcal agents still exist, their shelf-life is likely to be increasingly limited. Novel approaches to therapy and prevention will become more and more important, especially with the diminishing availability of new "wonder drugs."
